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Recent studies have shed light on the role of
G-protein signaling, and in particular the regulatory
RGS proteins, in behavioral adaptations of the round
worm Caenorhabditis elegans; similar signaling
pathways underlie analogous physiology and behaviors
in mammals.
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An animal’s existence and legacy depend on finding food
and reproducing. Recent papers report new insights into
signaling pathways that coordinate these two essential
aspects of metazoan life. In mammals, G-protein signaling
in the hypothalamus and other brain centers influences
feeding behavior and, together with leptin released from
sufficient stores of adipose tissue, notifies mind and body
to commence with reproductive behavior [1]. Analogous
behaviors are observed in round worms, such as the model
nematode Caenorhabditis elegans. Genetic studies show that
in this species egg-laying and motility — which facilitates
foraging — are coupled through the mutually antagonistic
Go and Gq signaling pathways [2–4]. A synthesis of this
work suggests that presynaptic neuromuscular junctions
are important sites of action of these signaling pathways.
Multiple neurotransmitters and G-protein-coupled recep-
tors may be involved, and the recently discovered ‘regulator
of G protein signaling’ (RGS) proteins play essential roles
in both basal signaling and adaptive feeding behavior [2,5].
The physiological functions of most RGS proteins are
obscure. Early genetic studies in fungi suggested that
RGS proteins are feedback regulators that inhibit G-protein
signaling [6,7]. G proteins act like molecular switches:
signaling is activated when, catalyzed by agonist binding
to a receptor, the Gα subunit binds GTP; and it is turned
off when GTP is hydrolyzed, allowing formation of the
inactive heterotrimer Gα–GDPβγ [8]. Consistent with
their proposed genetic function as inhibitors, RGS pro-
teins have been shown biochemically to act as GTPase-
activating proteins (GAPs) for Gi and Gq class G proteins
in metazoans [6,9] and the yeast Gα protein Gpa1 [10].
RGS proteins accelerate GTP hydrolysis by Gα subunits
to turn off signaling. The quest is to find how the GAP
activity of RGS proteins is regulated, because this might
provide a molecular mechanism by which cells could
integrate multiple incoming signals and fine-tune their
output, thus modifying an organism’s behavior.
C. elegans provides an elegant model system for elucidating
the inner workings of two basic requirements for metazoan
life: feeding and reproduction. Motility and egg-laying in
C. elegans are stimulated by Gq signaling and inhibited by
Go signaling. Two RGS proteins, EGL-10 and EAT-16,
are required for Gq and Go to mutually inhibit each other,
and thereby maintain homeostasis during conditions of
plentiful food. A simple model to explain the Gq–Go
antagonism is that EAT-16 is a Gq-GAP that is activated
by Go signaling, whereas EGL-10 is a Go-GAP that is acti-
vated by Gq. Indeed, EAT-16 blocks Gq-signaling in
transfected mammalian cells, and EGL-10 has been
shown to have Go-GAP activity in a single-turnover GTP
hydrolysis assay [2,5]. 
These RGS proteins, and four closely related mammalian
proteins, are members of the R7 subfamily of RGS proteins
[11]. All R7 proteins contain a G protein γ subunit-like
sequence, known as the ggl domain, which confers Gγ-like
properties, such as the ability to bind to and stabilize Gβ5
[12–14]. In another example of Gγ-like activity, het-
erodimeric complexes of an RGS ggl domain and Gβ5
have been found to support receptor-catalyzed binding of
GTP to Gα (K. Harden, personal communication). Perhaps
these Gγ-like functions provide a clue for how G protein
signaling activates EAT-16 and EGL-10.
A parsimonious model incorporating these biochemical
features into the genetic pathways that have been identi-
fied in worms is shown in Figure 1. The classical notion of
G-protein signaling is that receptor-catalyzed activation of
heterotrimeric Gαβγ promotes the release of Gα–GTP
and Gβγ. The dissociated subunits can independently
regulate effector proteins. In the presynaptic neuron at a
neuromuscular junction in C. elegans [3], a heterotrimeric
complex of Gαo, the RGS protein EAT-16 and the Gβ5-
like subunit GPB-2 [15] can be activated by agonists that
inhibit motility and/or egg-laying. As with effector
regulation by classical Gβγ subunits, the EAT-16–GPB-2
dimer may regulate its effector protein, in this case by
accelerating GTP hydrolysis on the Gαq protein EGL-30.
Similarly, activation of Gq-coupled receptors may release
heterodimers of GBP-2 and the RGS protein EGL-10. 
In this model, the RGS domain of EGL-10 would accelerate
GTP hydrolysis on the Gαo protein GOA-1. In response,
the Gαo–GDP product would rebind the Gβγ-like het-
erodimer EAT-16–GPB-2, before EAT-16 can move away
to inhibit Gq signaling. Meanwhile, Gαq–GTP can acti-
vate  phospholipase Cβ (PLCβ) to produce diacylglycerol
(DAG), the critical second messenger that enables egg
laying and motility in worms. Thus, the transient rise and
fall of Go-coupled and/or Gq-coupled agonists in the
synaptic cleft could be rapidly converted to signals along
the body axis regulating motility or egg laying, depending
on the target muscle.
Worms stop laying eggs when they are removed from food,
but recover their normal rate of egg laying within
30 minutes of encountering food. This adaptive behavior in
C. elegans is controlled by two functionally redundant RGS
proteins, termed RGS-1 and RGS-2. Genetics and bio-
chemistry indicate RGS-1 and RGS-2 are Gαo GAPs. When
overexpressed from their own promoters in multicopy
transgenic worms, either rgs-1 or rgs-2 can stimulate the
laying of early-stage eggs; however, only the rgs-1 transgene
can compensate for egl-10 deficiency. Interestingly, the
single or combined deficiencies of rgs-1 and rgs-2 have little
effect on worm motility or egg-laying in the presence of a
constant food source. By contrast, egl-10 deficiency causes
hypokinesis and sluggish egg-laying, because the inhibitory
Go pathway is constitutively overactive. So EGL-10 and
RGS-1/2 are not functionally redundant, and this is reflected
in their primary structure. Neither RGS-1 nor RGS-2 has a
ggl domain, so they may not be directly activated by Gq sig-
naling; rather, these RGS proteins may be activated by
post-translational modification(s) in response to neuronal
signaling initiated by encountering food after a fast.
Metazoans have five subfamilies of functionally distinct
RGS proteins [11]. C. elegans RGS-1 and RGS-2 are most
closely related to the RZ subfamily of mammalian RGS
proteins. Together with the R4 subfamily, these small RGS
proteins display GAP activity on Gq and/or Gi class α sub-
units (Gαo is in the Gi class [16]). In addition to this GAP
activity, biochemical and electrophysiological data indicate
that the R4 subfamily RGS proteins have receptor-selective
regulatory and scaffolding functions, which are mediated by
short amino-terminal and carboxy-terminal sequences
flanking the RGS domain [17]. Metazoans have three other
subfamilies of mostly large RGS proteins: the R7, R12 and
RA/axin families. RGS proteins in all five subfamilies have
distinct flanking sequences that presumably confer unique
regulatory properties [11]. How might the GAP activity of
C. elegans RGS-1, RGS-2 and other RGS proteins be regu-
lated, and how could this help integrate cellular signaling
and modify an organism’s behavior?
G-protein signaling is accomplished through the
coordinated activities of the receptor and Gαβγ transducer
proteins, their effector proteins and the substrates,
products and targets of these effectors. Scaffold proteins,
such as the PDZ domain protein InaD in Drosophila
photoreceptor cells [18], are thought to play critical roles
in assembling complexes that can rapidly turn signaling on
and off. RGS proteins may help assemble signaling
complexes by directly binding receptors, effectors and
other scaffolding proteins [17,19–21]. RGS proteins and
the effector protein PLCβ are also kinetic regulators; their
GAP activities accelerate one step in the cycle of GTP
binding and hydrolysis.
The combined catalytic activities of agonist-bound
receptors and the GAPs accelerate transit through the
cycle, thus stimulating a rapid sequence of multiple
protein interactions that help maintain proximity of the
signaling components [11]. C. elegans RGS-1/2 and EAT-16
probably regulate distinct Go-coupled receptors by different
mechanisms. RGS-1 and RGS-2 may be activated by other
pathways to inhibit Gαo, whereas serotonin stimulation
may release EAT-16–GPB-2 from a heterotrimeric complex
with Gαo, analogous to the release of a traditional Gβγ
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Figure 1
Motility and egg-laying in C. elegans are regulated by mutual
antagonism between Go and Gq pathways. The neuromuscular
junction is symbolized by a gap between a neural and muscle cell. In
this model, Go activation inhibits Gq stimulation via release of the ggl-
domain RGS protein EAT-16; and Gq activation blocks this inhibition
via release of a distinct ggl-domain RGS protein, EGL-10, in an
agonist-dependent manner. To maintain proximity and coordinated
action, the Go- and Gq-coupled receptors may exist as heterodimers.
Each receptor is coupled by a complex of Gα, ggl-RGS and GBP-2
(the C. elegans homolog of mammalian Gβ5). The Go-GAP activity of
RGS-1 and/or RGS-2 may be stimulated via signals elicited by
refeeding in a recently starved worm. Motility and egg-laying are
stimulated by Gαq activation of phospholipase Cβ (PLCβ), which
produces diacylglycerol (DAG), and promotes UNC-13 binding and
synaptic vesicle release. Serotonin (5-HT) and acetylcholine (ACh)
may both provide feedback signal to the Go/Gq receptor complex in
the presynaptic neuron, and stimulate the postsynaptic muscle cell.
DAG is converted by diacylglycerol kinase-1 (DGK-1) to phosphatidic
acid (PA). UNC-29 is an ionotropic acetylcholine receptor in muscle.
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heterodimer, allowing EAT-16–GPB-2 to regulate its
target protein, Gαq.
Analysis of mammalian RGS proteins has provided insights
into how they act as terminators and/or feedback regula-
tors of G-protein signaling. The sharp temporal regulation
of mammalian phototransduction depends on RGS9 inter-
actions with the effector protein phosphodiesterase γ
(PDEγ). These interactions may help position RGS9
within the complex to rapidly terminate signaling [19,21].
Similarly, RGS4 expressed in Xenopus oocytes appears to
help assemble a complex that both rapidly activates, and
then deactivates, Gβγ-stimulated inwardly rectifying K+
channels [22]. Rapid signal activation may require both
the scaffold-forming and GAP activities of RGS4, while
signal termination clearly depends on RGS4’s GAP activity. 
RGS4 appears to respond to feedback regulation. RGS4
and closely related RGS proteins help initiate oscillations
in intracellular Ca2+ concentration ([Ca2+]i) evoked by G-
protein-coupled receptors in pancreatic and submandibu-
lar acinar cells [17]. Ca2+ oscillations convey signals that
elicit responses in all tissues; for example, vesicular
release of endocrine and digestive peptides in acinar cells,
neural transmitter release in neurons, and the activation of
the transcription factor NF-AT in lymphocytes [23–26].
Oscillators require an ‘on’ switch and an ‘off’ switch. 
The model in Figure 2, based on biochemical analysis and
cellular responses to recombinant RGS proteins [17,27],
proposes that agonist binding to receptor molecules
provides the on switch, while the GAP activity of RGS pro-
teins supplies the off switch. RGS proteins act at the recep-
tor complex to help initiate [Ca2+]i oscillation (S. Muallem
and T.M.W., unpublished observations). As [Ca2+]i rises,
RGS GAP activity is proposed to be transiently activated
by Ca2+/calmodulin binding. Activation may be accom-
plished by the combination of two effects: the displace-
ment by Ca2+/calmodulin of the inhibitor PIP3, and the
facilitation of movement of the RGS protein into proxim-
ity with its substrate, Gαq, within the receptor complex.
Activation of the RGS GAP activity is presumably tran-
sient. After [Ca2+]i falls — as a result of the temporary ter-
mination of Gq signaling by the RGS GAP activity —
Ca2+/calmodulin dissociates and the RGS protein may
rebind nascent PIP3 produced in the vicinity of the recep-
tor complex by phosphotidylinositol 3-kinase (the regula-
tory subunit p110γ of which is known to be an effector
protein of Gβγ [28]). Thus, the receptor complex is poised
to initiate another burst of intracellular Ca2+.
In this model of feedback regulation, Gi and Gq class
proteins are controlled by two types of receptor. G proteins
are activated by the classical heptahelical receptors, which
bind extracelluar ligands, and inactivated by RGS GAPs,
which function as intracellular receptors to assess the
signaling status of the cell and modify output accordingly.
In the case of recently starved C. elegans, RGS-1 and RGS-
2 appear to detect neuronal signals indicating that food has
been found, which leads to activation of these Go GAPs,
possibly by post-translational modification, and conse-
quent stimulation of egg-laying in a favorable environment.
Mammalian RGS proteins are also responsive to environ-
mental stimuli. The steady-state expression of several
RGS genes is elevated by signaling in tissue culture cells
and whole animals [11]. The interplay of physiology and
behavioral responses mediated by Gq- and Gi-coupled
receptors in mammals is beginning to be explored at the
molecular level. For example, the orexins (or hypocre-
tins) are Gq-coupled agonists that regulate arousal, and
Gq-signaling mediates feeding responses evoked by
numerous hyperphagic and hypophagic agonists [1,29].
RGS proteins are expected to be important components
of these signaling pathways. Indeed, fasting and feeding
regulates RGS16 liver expression in rodents (my group’s
unpublished observations). Multiple RGS proteins are
expressed in the brain and peripheral tissues, and it will
be exciting to find the conditions that elevate their
expression and regulate their GAP activity. RGS pro-
teins are probably essential for mediating the behavioral
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Figure 2
A model of RGS feedback regulation by Ca2+/calmodulin and PIP3.
Agonist-bound receptor promotes GTP binding to the Gα subunit and
subsequent dissociation of Gα and Gβγ. Gαq activates the effector
protein PLCβ, which catalyzes the hydrolysis of PIP2 to produce DAG
and IP3, which binds the IP3 receptor (IP3R) to stimulate release of
Ca2+ from intracellular stores. RGS proteins may be inactive prior to
agonist-evoked Ca2+ signaling, but as the local concentration of
intracellular Ca2+ elevates, it binds calmodulin (CaM), which can
displace PIP3 from helices 4 and 5 of RGS proteins, thereby restoring
RGS GAP activity. Calmodulin binding may also reposition RGS within
the receptor complex to enhance its activity. RGS-mediated inhibition
of G-protein signaling would decrease [Ca2+]i allowing dissociation of
calmodulin and rebinding of PIP3 to inhibit RGS GAP activity.
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adaptations that allow us all to live and reproduce in a
complex environment.
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